Polyploidization is a major genome modification that results in plant species with multiple chromosome sets. Parental genome adjustment to co-habit a new nuclear environment results in additional innovation outcomes. We intended to assess genomic changes in polyploid model species with small genomes using inter retrotransposons amplified polymorphism (IRAP) and retrotransposon microsatellite amplified polymorphism (REMAP). Comparative analysis among diploid and autotetraploid A. thaliana and A. suecica lines with their parental lines revealed a marginal fraction of novel bands in both polyploids, and a vast loss of parental bands in allopolyploids. Sequence analysis of some remodelled bands shows that A. suecica parental band losses resulted mainly from sequence changes restricted to primer domains. Moreover, in A. suecica, both parental genomes presented rearrangement frequencies proportional to their sizes. Overall rates of genomic remodelling events detected in A. suecica were similar to those observed in species with a large genome supporting the role of retrotransposons and microsatellite sequences in the evolution of most allopolyploids.
Introduction
Recent plant genomic studies have evidenced the crucial relevance of labile repetitive sequences like retrotransposons in plant evolution through polyploidization. Due to the huge amount of genetic data available from species with small genomes like Arabidopsis sp., the study of repetitive genome fraction involvement in polyploid induced remodelling events may be particularly revealing in this genus. In fact polyploidy, which result from the fusion of two or more complete genomes into the same nucleus, is present in the evolution route of most flowering plants with both large and small genome (Jiao et al. 2011) . Distinct types of polyploids can arise depending on the origins of genomes involved: autopolyploids originated from genome doubling within the same species and allopolyploids formed by the combination of two or more genomes from distinct but usually close species (Ma and Gustafson 2008) .
The impact of polyploidy on genome organization and function (reviewed in Ainouche 2010 and Stöck and Lamatsch 2013) was extensively pursued using different approaches, and it is presently well established that polyploidy induces innumerable genetic and epigenetic modifications on parental genomes Levy 2009, Jones and Hegarty 2009) . Genomic studies using amplified fragment length polymorphism (AFLP), although having the advantage of full genome coverage, usually reveal lower levels of rearrangements associated with polyploidization when compared with techniques targeting major types of repetitive sequences widely present in plant genomes like retrotransposons and microsatellites (Ma et al. 2004 , Madlung et al. 2005 , Bento et al. 2008 (Bento et al. 2008 (Bento et al. , 2013 . Furthermore, the evaluation of microsatellite dynamics in Brassica, Arabidopsis, and other angiosperms indicate that polyploidization may induce a slight increase of microsatellite frequency in coding regions although associated with a significant decrease in whole genome/non-coding sequences (Shi et al. 2013) . These evidences reinforce the current well-established notion that genome size changes in allopolyploids are correlated with changes on repetitive genome fractions (RennyByfield et al. 2013 (Bento et al. 2008 , Feldman and Levy 2009 , Parisod et al. 2009 , Petit et al. 2010 . Deoxyribonucleic acid C-values were obtained from the Plant DNA C-values database (Bennett and Leitch 2010;  http://www.kew.org/cvalues/) with an estimated repeat content of > 80 %, ~80 %, ~70 %, ~30 %, and ~24 %, respectively (Dvořák 2009 , Huang et al. 2009 , Brenchley et al. 2012 , Ferreira-de-Carvalho et al. 2013 , Sierro et al. 2013 ). In species with small genomes, such as Arabidopsis with a lower repetitive sequences fraction (~14 %) (AGI 2000) , the assessment of alterations induced by polyploidy in such a genome portion was meagerly studied. Due to vast genetic and genomic resources available (http://www.arabidopsis.org/), Arabidopsis polyploid species constitute a particularly attractive model to such studies (reviewed in Bomblies and Madlung 2014) . Previous studies of newly formed autotetraploid lines of A. thaliana revealed minor genomic changes induced by polyploidy (Santos et al. 2003 , Madlung et al. 2005 , Ozkan et al. 2006 , though epigenetic modifications were reported (Yu et al. 2010) . A. suecica (2n=4x=26), the natural allopolyploid between A. thaliana and A. arenosa, can be synthetically produced by crossing A. thaliana (2n=4x=20) and A. arenosa (2n=4x=32) autotetraploid lines (Madlung et al. 2005) . The analysis of Arabidopsis allopolyploids revealed both genetic (Madlung et al. 2005 , Pecinka et al. 2011 , Henry et al. 2014 ) and epigenetic modifications (Hazzouri et al. 2008 , Beaulieu et al. 2009 , Yu et al. 2010 . Our previous results obtained using IRAP methodology also demonstrated the occurrence of genomic rearrangements induced by allopolyploidization in A. suecica (Bento et al. 2013) . In this work, we intended to understand the implication of retrotransposons and also microsatellite related sequences in genetic modifications induced by auto and allopolyploidization in the Arabidopsis species.
Materials and methods
The following plants were used: diploid Arabidopsis thaliana L. (cv. Landsberg erecta, Ler-0; 2n=2x=10, NASC stock number NW20) and the equivalent autotetraploid line (LC612; 2n=4x=20, NASC stock No. N3900); A. arenosa L. (CARE-1; 2n=4x=32, NASC stock No. N3901) and the newly synthesized allopolyploid A. suecica Fr. line (Ler-0 x CARE-1; 2n=4x=26; F4 generation, NASC stock No. N3899). The A. thaliana autotetraploid and A. arenosa lines used are the exact parents of the referred newly synthesized allopolyploid. All seeds were obtained from the NASC-European Arabidopsis Stock Centre and germinated and grown in controlled conditions at a 16-h photoperiod, an irradiance of 150 mol m -2 s -1 , day/night temperatures of 22/20 ºC, and a relative humidity of 70 %. At least four distinct plants from each genotype were analyzed. Genomic DNA was isolated from fresh young leaves of eight-week-old plants using a modified cetyltrimethylammonium bromide (CTAB) method (Saghai-Maroof et al. 1984) .
The used PCR-based methodologies included IRAP and REMAP. The IRAP amplify sequences between retrotransposons using primers pointing outward from the long terminal repeats (LTR) end. The REMAP uses the same LTR primers combined with primers matching simple sequence repeats (SSR) or microsatellite motifs with one or more non-SSR anchor nucleotides thus amplifying segments between LTRs, between LTR and SSR, or between nearby microsatellites (Kalendar and Schulman 2006) . The IRAP was prepared using primers for LTR regions of distinct A. thaliana retrotransposons including Metaviridae (Tat1, Athila4-6, and RomaniaT5) as well as Pseudoviridae (Endovir1-1). The REMAP was done using an Endovir1-1 LTR primer and an anchored microsatellite primer (AAG)6C. All primers used are listed in Table 1 . The PCR products were run on 1.7 % (m/v) agarose gels, detected with ethidium bromide staining, and photographed using BioRad (Hercules, USA) GEL DOC 2000 (Tables 2 and 3) . Reproducible results presented were accurately observed in at least three replicates of each IRAP and REMAP experiment. Results obtained in A. suecica with the Tat1 and Athila 4 -6 primers were previously presented in Bento et al. (2013) . Differences observed between diploid and tetraploid A. thaliana profiles unraveled autopolyploidization induced genomic changes. Constancy observed in IRAP/REMAP banding profiles on all A. thaliana and A. arenosa plants analyzed allowed an accurate comparison of the neosynthetized allopolyploid with both parental lines. In A. suecica, genomic rearrangements were disclosed by differences between its banding profile and the addition of the parental lines banding profiles. Moreover, to confirm that polyploid lost bands did not result from competition between priming sites of parental genomes, a mix of the parental DNAs was used (results not shown) as previously described in detail (Bento et al. 2008) .
Rearranged sequences were isolated, purified, cloned, and finally sequenced following procedures described in Rocheta et al. (2007) . The sequences obtained were used for BLASTN (algorithm parameters set for default values) on the NCBI (the National Center for Biotechnology Information), TAIR (the Arabidopsis Information Resource), and PlantSat (repetitive plant sequences) databases. Additionally, primers were designed to amplify internal fragments of rearranged sequences (Table 1 ). The PCR amplifications and analysis of internal sequences were performed as described in Bento et al. (2010) . 
Results
To assess genomic rearrangements induced by polyploidization on Arabidopsis autopolyploids and allopolyploids, IRAP and REMAP experiments with five primer combinations were performed including four primers designed for LTR regions of Arabidopsis retrotransposons (Tat1, Athila4-6, RomaniaT5, and Endovir1-1) and one anchored microsatellite primer [(AAG)6C] (Table 1) . Unique and reproducible banding profiles from diploid and tetraploid A. thaliana, A. arenosa, and A. suecica were consistently obtained in all PCR replicates from at least four distinct plants of each species and primer combination. Thus, a parental comparative evaluation of auto and allopolyploid lines was performed to assess the impact of polyploidization in retrotransposon and microsatellite flanking sequences (Fig. 1) . To unravel potential genomic rearrangements associated with autopolyploidization banding profiles of original diploid A. thaliana and those of the autotetraploid line were compared (Table 2) . Additionally, a new band of ~1 700 bp, absent in the diploid parental line, was unravelled in the RomaniaT5 IRAP profile of the autotetraploid (Fig. 1) . Thus, a reduced overall frequency of 1.7 % novel bands (1/58) was To better understand the origin of the A. suecica novel sequence, we designed primers to amplify partial internal fragments of the End-AAG_as552 sequence (primer details in Table 1 and a schematic representation in Fig. 2 ). The obtained results (Fig. 3A) confirmed the amplification of three targeted internal fragments of A. suecica with the expected sizes ( Fig. 2 and A. suecica progenitor lines (tetraploid A. thaliana and A. arenosa) had markedly distinct profiles with a total of 59 and 58 bands, respectively, comprehending mainly species-specific bands (polymorphic bands) and a minor fraction (19/98 ~19 %) of common bands (monomorphic bands) (Table 3) . Thus, absolutely additive banding profiles were expected to render 98 distinctive bands in the allopolyploid, markedly contrasting with the total number of 65 bands detected in the neosynthetized A. suecica. The high frequency (36/98 ~37 %) of bands absent in A. suecica comprehended 67 % (24/36) of A. arenosa-specific and 33 % (12/36) of A. thalianaspecific bands. From them, the REMAP End-AAG_aa387 sequence was proved to be amplified through the (AAG)6C anchored primer as described for the A. suecica novel bands obtained through the same REMAP experiment. On the other hand, Romania_aa951 and Romania_aa1357 sequences produced significant alignments with all A. thaliana centromeric regions. Romania_aa951 corresponded mainly to a partial region of the LTR of a gypsy-like retrotransposon family (Athila), and the Romania_aa1357 initial part (1 -446 pb) was composed by ~2.5 units of 180 bp centromeric repeats whereas the remaining part corresponded also to Athila-like retrotransposon sequences.
Sequence analysis of parental bands undetected in
To deeper assess the involvement of retrotransposon related sequences in parental genome adjustment in the allopolyploid line, internal primers were designed for A. arenosa remodelled sequences Romania_aa951 and Romania_aa1357 (primers in Table 1 and a schematic representation in Fig. 2) (Fig. 3B) although the primers for segment [1-2] amplified two bands with ~400 and ~550 bp in both A. thaliana lines. A. thaliana (2×At), A. thaliana (4×At), A. suecica synthetic allopolyploid (As), and A. arenosa (Aa). The details of all primers used are presented in Table 1 and Table 2 Suppl. Molecular mass marker is marked as 1 Kb+.
Concerning Romania_aa1357, the designed primers targeted only a domain similar to Athila retrotransposons (Fig. 2) and the results obtained in A. arenosa confirmed the amplification of three fragments with expected sizes ( (531 bp), which resulted from the amplification of the forward primer [1] with the reverse primer [2] . As observed for Romania_aa951, all Romania_aa1357 internal segments were found in the A. suecica allopolyploid (Fig. 3C) . Moreover, the internal segments Romania_aa1357_[1] and Romania_aa1357_[1-2] were also amplified in diploid and tetraploid A. thaliana yielding bands with the same sizes in all the genotypes. Amplification with primers for the segment Romania_aa1357_[2] revealed one band with ~300 bp in both diploid and tetraploid A. thaliana and A. suecica but absent in A. arenosa. Fig. 4 . A -Schematic representation of IRAP RomaniaT5 A. arenosa origin sequences (Romania_aa951 and Romania_aa1357). Although original IRAP bands were absent in A. suecica, their internal fragments were detected in the allopolyploid genotype revealing that polyploidization probably induced changes restricted to flanking domains of primer annealing sites. B and C -Possible rearrangements induced by polyploidization in the origin of a novel REMAP Endovir1-1/(AAG)6C sequence (End-AAG_as552) detected exclusively in A. suecica (B). It illustrates a deletion in one parental genome that allows the amplification of a novel PCR product; in C, it is illustrated the insertion of a sequence containing a primer annealing site into a new location near a second primer annealing site originating a new PCR product.
Discussion
The role of retrotransposon and microsatellite associated sequences in polyploid genome adjustment is hereby expressly corroborated through REMAP/IRAP evaluation of Arabidopsis auto-and allo-polyploid synthetic lines. The banding profiles of the A. thaliana autopolyploid line and its diploid progenitor revealed an overall genomic stability since all bands from the diploid line were observed in the autotetraploid one. Lack of parental sequence alterations was previously described in the A. thaliana autopolyploid through AFLP analysis (Ozkan et al. 2006) . The undetection of band loss in the tetraploid A. thaliana line was expected considering the presence of multiple identical sequences due to its autopolyploid nature probably responsible for the maintenance of the described undistinguishable banding profiles. In fact, in the autotetraploid A. thaliana line, the only genomic alteration observed was a novel band detected with IRAP RomaniaT5. Conversely, in the A. suecica synthetic allopolyploid, an extensive rate of genome remodelling was observed corresponding to a major parental band elimination (~37 %) and a minor appearance of novel bands (4.6 %). Sequence elimination/modification revealed by band loss was commonly detected in almost all allopolyploid species previously studied, such as triticale, Triticum, Brassica, Nicotiana, and Spartina (Song et al. 1995 , Shaked et al. 2001 , Kashkush et al. 2002 , Ma et al. 2004 , Dong et al. 2005 , Ma and Gustafson 2006 , Bento et al. 2008 , Eilam et al. 2008 , Petit et al. 2010 . However, the present results unravelled in A. suecica through the IRAP/REMAP methodologies do not corroborate the preferential loss of bands from the larger genome parental species as observed using similar methodologies in allopolyploid systems with large genomes like wheat, triticale (Bento et al. 2010) , and Cucumis × hytivus ). In triticale, the proportion of rye/wheat origin band loss (20/5=4) (Bento et al. 2008 ) is considerably higher than the respective parental genome size ratio (8 600/5 648 Mbp=1.52) (Bennett and Leitch 2010) . Conversely, differences detected in the frequencies of A. arenosa origin and A. thaliana origin band losses (24/3667 % and 12/36 33 %, respectively) in A. suecica (24/12=2) were equivalent to the parental genome size proportion (Bennett and Leitch 2010); 125 bp -A. thaliana (AGI 2000) .
The high parental band loss here detected (37 %) markedly contrasts with the extremely low frequency of genomic modifications (2.3 %) detected in A. suecica when compared with the parental lines using AFLP (Madlung et al. 2005) . The AFLP detects changes in restriction fragments occurring widely in all genome fractions and also detects epigenetic genome restructuring events if cytosine methylation sensitive restriction enzymes are used like in works previously referred (Madlung et al. 2005 , Ozkan et al. 2006 . Since the REMAP/IRAP methodologies are focused particularly on genome repetitive regions enriched in retrotransposons and/or microsatellites (Kalendar et al. 1999) , the modifications now unravelled reinforces the idea that those repetitive sequences are preferentially altered by polyploidization as recently suggested (Bento et al. 2013) . It would be tempting to address the involvement of those particularly labile sequences in natural A. suecica genome adjustment. In fact, major restructuring events involving rDNA loci were similarly detected in both natural and synthetic A. suecica lines (Pontes et al. 2004) . However, since the exact parental lines of the natural A. suecica lines are virtually unknown, it is impossible to accurately evaluate that interesting issue using molecular tools like IRAP and REMAP.
The BLASTN analysis through search in the NCBI, TAIR, and PlantSat databases of A. suecica remodelled bands revealed a high degree of similarity with coding sequences (six of eight bands sequenced, Table 1 Suppl.). From them, the analysis of all three remodelled bands detected through REMAP Endovir1-1/(AAG)6C unravelled sequences flanking microsatellites. This finding corroborates the idea that although microsatellites are present in both non-coding and coding regions, their frequency is higher in transcribed regions (RakoczyTrojanowska and Bolibok 2004) . Moreover, this result clearly emphasises the role of microsatellite sequences in allopolyploid genome dynamics as recently proposed by Shi et al. (2013) . The remaining restructured sequences detected through IRAP analysis, presenting a high similarity with A. thaliana coding sequences, suggest that although retrotransposons in Arabidopsis tend to be preferentially clustered within pericentromeric heterochromatin regions (Peterson-Burch et al. 2004) , polyploidy induced genome adjustment seems to affect mainly LTR flanking sequences intermingled with generich domains. Despite the contrasting dimensions of repetitive sequence fractions in a plant with a large genomes like wheat (70 -80 %) (Dvořák 2009 ) and with a small genome like A. thaliana (~14 %) (AGI 2000) the present work ultimately shows that the levels of restructuring events targeting repetitive sequences of neighbouring regions are similar in allopolyploid species with both large (Bento et al. 2008 ) and small genome.
The amplification of internal segments of A. suecica remodelled sequences allowed a deeper understanding of major rearrangement occurrences. The internal amplifycation of the Romania_aa951 and Romania_aa1357 retrotransposon-related sequences in A. suecica suggests that the absence of parental bands in the allopolyploid might result from rearrangements confined to primer annealing site regions (Fig. 4A) . Contrastingly, the amplification of the End-AAG_as552 allopolyploid novel band using the primers targeting a domain with no significant homology with any known sequence corroborates the novelty of this restructured band since no amplification was detected in both the parental lines (Fig. 3A) . The origin of such a new band in A. suecica could result either from the deletion of an intercalary sequence or from an insertion between the primer regions allowing the emergence of a new PCR amplicon (Fig.  4B,C) . Likewise, allopolyploid genome remodelling events now unravelled may be explained by a high rate of homoeologous pairing and intergenomic exchange recently reported to occur during meiosis of equivalent A. suecica neoallopolyploid lines (Henry et al. 2014) .
Conclusively, the IRAP/REMAP comparative analysis performed in Arabidopsis auto-and allopolyploids clearly revealed distinct outcomes in newly formed polyploids. The overall genomic stability detected in the autopolyploid A. thaliana line, confirming previously described results using different techniques (Ozkan et al. 2006) , contrasts with high parental genome remodelling in synthetic A. suecica involving repetitive and coding sequences. Furthermore, a deeper examination of parental lost sequences revealed that parental band loss mainly involved punctual changes on primers annealing sites in accordance with previous studies on allopolyploids with large genomes (Bento et al. 2010) . However, contrary to allopolyploids with large genomes like triticale (Bento et al. 2008) , a preferential modification of a larger parental genome was not observed revealing distinct parental genome behaviours in allopolyploid species with small genomes. The high parental band loss here reported suggest a major role of microsatellites and retrotransposons-related sequences in remodelling routes necessary to the establishment of new fertile polyploids. Moreover, repetitive sequence rearrangements may be highly involved in stable genetic changes needed to resolve parental genome conflicts that Comai et al. (2000) suggested to occur following the phenotypic instabilities and gene silencing events observed in the first generations of the same A. suecica synthetic line.
